As a consequence of the suspended sediments in river water, cake formation on the streambed and clogging of the aquifer may occur, leading to a decline in the production yield of riverbank filtration systems, particularly in highly turbid river waters. However, naturally occurring flow forces may induce sufficient scouring of the streambed, thereby self-regulating the thickness of the formed cake layer. This study assessed the recovery of the infiltration capacity in a simulated physically clogged riverbank filtration system, due to self-cleansing processes. A straight tilting flume, provided with an infiltration column at the bottom, was used for emulating clogging, infiltration and self-cleansing. Based on the presented research it may be concluded that the infiltration of a mixture of different sediments, as found in natural water bodies, can already be recovered at low shear stresses. Clay and silt behaved very differently, due to the difference in cohesiveness. Clay was found to produce a persistent sticky cake layer, whereas silt penetrated deeper into the bed, both resulting in an absence of infiltration velocity recovery. A cake layer of fine sand sediments was easiest to remove, resulting in dune formation on the streambed. However, due to deep bed clogging by fine sand particles in a coarser streambed, the infiltration velocity did not fully recover. The interaction between mixed suspended sediments (5% clay, 80% silt, and 15% fine sand) resulted in uneven erosion patterns during scouring of the streambed and recovery of the infiltration velocity is low. Altogether it may be concluded that natural recovery of infiltration capacity during river bank filtration of highly turbid waters is expected to occur, as long as the river carries a mixture of suspended sediments and the sand of the streambed is not too coarse.
Introduction
Riverbank filtration (RBF) is a surface water treatment method for drinking water, using extraction wells located near the river in order to ensure direct aquifer recharge. As the surface water travels through the sediments, contaminants, such as pathogenic microorganisms, are removed (Schubert, 2003) . RBF systems, like other filters, are, to some degree, vulnerable for clogging. Suspended particles in river water can affect the hydraulic conductivity of the bed and limit aquifer recharge (Caldwell, 2006) . Streambed clogging may occur on the surface (external clogging) or within the porous media (internal clogging). Experience from the Netherlands has suggested that streambeds primarily consisting of gravels are at a far greater risk of clogging than those consisting primarily of finer grade materials (Stuyfzand et al., 2006) . Also, the properties of the suspended particles in the river, such as particle size, affect the extent and clogging degree of the streambed and aquifer (Pavelic et al., 2011; Veli ckovi c, 2005) .
External clogging corresponds to the cake build-up on the surface of the streambed due to the deposition of suspended solids, which reduces its permeability. Internal clogging, or deep bed clogging, occurs when the suspended particles enter the porous media and get stuck in the subsurface before abstraction (Du et al., 2014) . Once a cake is built-up, penetration of particles into the porous media is prevented, and external e or cake clogging -rather than internal clogging will dominate (Fallah et al., 2012; Sacramento et al., 2015) . Cake and deep bed clogging may also happen simultaneously (mixed clogging), caused by the movement of particles within the porous media and the accumulation of sediments in the upper layer (Du et al., 2014) . With this mixed clogging, the hydraulic conductivity of the soil decreases over time, but it decreases much faster in the top layer (Du et al., 2014) . Cake clogging may be reversible, but this is typically not the case for deep bed clogging (Pholkern et al., 2015; Seiler and Gat, 2007) .
Physical, mechanical, chemical and biological clogging are the main obstruction mechanisms occurring in the streambed. The physical clogging occurs when inorganic and organic suspended solids in the river (e.g., clay, silt particles, algae cells, microorganisms, flocs) become trapped in the streambed pore channels as water flows from the river and through the aquifer (Bouwer, 2002; Caldwell, 2006; Hubbs, 2006a; Pavelic et al., 2011; Schubert, 2002) . Particle size distribution and suspended solids concentration in the river water are considered the main factors affecting the physical clogging process (Blaschke et al., 2003; Bouwer, 2002; Pavelic et al., 2011; Platzer and Mauch, 1997) . Mechanical clogging refers to air entrainment during recharge from vadose zone to the phreatic aquifer or gas binding from microbiological activities (e.g., methane) (Martin, 2013) . Chemical clogging is the loss of hydraulic conductivity of the streambed due to the precipitation of initially soluble water constituents, due to changes in redox potential and pH values caused for example by mixing with native groundwater (e.g., carbonate precipitates, iron hydroxides) (Bouwer, 2002; Caldwell, 2006) . The accumulation of precipitates in pores might lead to chemical clogging in the aquifer and nearby the abstraction well (Schubert, 2002) . Biological clogging is caused by the accumulation of bacterial cells in the streambed (Baveye et al., 1998; Bouwer, 2002; Engesgaard et al., 2006) . The growth of these bacterial cells is dependent on physical-chemical factors associated with both soil and water (Pavelic et al., 2011) .
Naturally occurring flow forces may induce sufficient scouring of the streambed, thereby self-regulating the thickness of the formed cake layer and restoring its hydraulic conductivity. Vertical sedimentation forces induce the deposition of particles on the streambed. Horizontal forces onset the resuspension of the deposited particles. The extent of scouring is determined by the magnitude of the shear stress and the properties of the streambed and cake layer, deposited onto the streambed. Scouring or selfcleansing capacity of RBF systems is commonly assessed in terms of streambed particle size (considering critical shear stress) and the shear stress exerted by the river flow. Reported shear stress values typical for river streambeds range between 1 and 100 N/m 2 , considering a value of 20 N/m 2 as reasonable (Hubbs, 2006b ).
However, van Rijn et al. (2007) reported shear stress values for individual sediments ranging from 0.08 to 0.4 N/m 2 . The shear stress for the mobilization in porous media of colloidal particles, such as clay, have been reported to range from 0.1 to 1 N/m 2 (Manga et al., 2012; Mays, 2013) . Thus, the incipient motion of sediments depends on critical shear stress, which is a function of streambedarmor layer characteristics. For particles finer than 62 mm, the critical shear stress increases as particle size decreases due to the cohesive effects (van Rijn et al., 2007) . Erosion and deposition exhibit dissimilar behavior for cohesive and non-cohesive sediments (Winterwerp and van Kesteren, 2004) . Cake layers composed from the deposition of cohesive materials, carried by the rivers, will increase the resistance to erosive processes, meaning higher shear stresses to move the sediments deposited on the streambed. In addition, cohesive sediments have a different shear stress for deposition than for erosion (Krishnappan, 2007) . The cake layer may affect the surface water/groundwater interaction and therefore may influence the abstraction capacity yield by altering the permeability of the streambed (Packman and MacKay, 2003) . The mechanisms affecting the infiltration velocity based on the movement and settlement of particles on streambeds and the streambed-aquifer clogging are represented in Fig. 1 .
The streambed infiltration velocity (q) thus depends on the characteristics of the streambed sediments and the suspended sediments being transported by the river, and it is expected to vary according to the characteristics of the flow (i.e., streambed velocity and flow velocity profile across the river), leading to the deposition and resuspension of particles. The minimum shear stress, t c , is defined by the gravitational and cohesive forces that resist particle motion in ideal conditions. When the friction velocity on the sediment bed is greater than the threshold velocity, sediment particles on the bed will become mobilized. The variables that influence the infiltration velocity in the porous media considering the clogging and self-cleansing processes are (e.g., Cunningham et al., 1987; Wang, 1999; Winterwerp and van Kesteren, 2004; Huang et al., 2006; Pugh, 2008; Al-Madhhachi et al., 2013; Zheng et al., 2014) : initial infiltration velocity (q o ), density of the fluid (r w ) and suspended particles (r s ), dynamic viscosity of the water (m), suspended particle diameter (d s ), d 50 particle size of the streambed media, surface water depth, bed slope, flow velocity (u), suspended particle concentration (∅ sed ), porosity of streambed, and particle attachment and detachment coefficients.
The main purpose of this study is to evaluate the effect of the concentration of suspended solids and different compositions of the suspension on physical clogging and recovery of the infiltration capacity by subsequent self-cleansing for highly turbid waters. To the authors' knowledge, this has not yet been studied previously. To achieve this, physical modeling with an experimental RBF set-up was conducted in order to assess the effect of flow velocity, particle size of the streambed media, suspended particle diameter, and suspended particle concentration on the infiltration velocity during clogging and self-cleansing. Special attention was paid in this study to differentiate between cake and deep bed clogging.
Materials and methods

Experimental setup
A straight tilting flume with two channels (duplicate) was used for simulation of the river flow (Fig. 2) . Infiltration columns placed at the bottom were used to determine the effect of variable shear stress conditions on self-cleansing and infiltration. The channels had dimensions of 500 cm length by 19 cm width and were constructed of smoothed wood. The lateral walls were made of wood and Plexiglas. The infiltration columns were made of transparent Plexiglas (50 cm long and 10.8 cm ID). The columns were equipped with four piezometers for the monitoring of head loss over the height of the porous media and four sampling ports (placed 10 cm from each other). The bottom of the channels was roughened by gluing 0.2e0.8 mm sand onto them, leaving the sides smooth. Flow characteristics were measured with an electromagnetic flowmeter (EM). Turbidity was measured at the different ports of the columns using a turbidity meter (HACH 2100P). The infiltration velocity (q ¼ Q =A, where Q ¼ V=t and A is the area of column perpendicular to the water flow) and pressures were monitored for the duration of the experiments to assess porous media clogging and infiltration recovery. The experiments were conducted at room temperature (about 20 C).
Sediments
Suspended sediments
The suspended sediments were selected based on characteristics of the natural sediments identified in a highly turbid river (Cauca River in Cali, Colombia) (Guti errez et al., 2016) , where particle size distribution and specific surface was determined by wet laser diffraction instrument (Model Hydro, 2000SM, Malvern) . Sediment properties for dry and rainy conditions are summarized in Table 1 . Considering the characteristics described in Table 1 , the whole sample of sediments collected in the Cauca River may be regarded as inorganic -non-cohesive. Therefore, inorganic fine sediments were used to simulate the natural suspended sediments in the Cauca River: IMERYS Polwhite E clay (0.5e10 mm, d s _ 50 ¼ 3.5 mm), M300 silt from Sibelco (3e40 mm, d s _ 50 ¼ 17 mm), and S90 fine sand from Sibelco (63e180 mm, d s _ 50 ¼ 150 mm). The IMERYS Polwhite E corresponds to the clay þ very fine silt subclass as classified by the American Geophysical Union.
Streambed material
Three streambed/aquifer configurations were used: (1) streambed and columns from coarse sand from Sibelco (1.0e1.6 mm, d 50 ¼ 1.36 mm); (2) streambed from medium sand from Sibelco (0.2e0.8 mm, d 50 ¼ 0.61 mm) and columns from coarse sand (1.0e1.6 mm, d 50 ¼ 1.36 mm); and (3) streambed and columns from medium sand (0.2e0.8 mm, d 50 ¼ 0.61 mm). The grain sizes were selected in order to emulate an alluvial formation based on the characteristics found in the Cauca River section next to the main water treatment plant of the city of Cali, Colombia (CVC and Universidad del Valle, 2004a).
Experimental procedure
The experiments consisted of two subsequent phases: (1) clogging of Zone B (see Figs. 2 and 3), followed by (2) scouring conditions flowing from Zone A to Zone C. The clogging experiments of the streambed in Zone B were conducted for two sediment concentrations (1 g/L and 6 g/L), an initial infiltration velocity of 6 m/d, and two streambed media (d 50 ¼ 0.61 mm and d 50 ¼ 1.36 mm). After packing the columns, the soil was saturated from the bottom up with tap water, which was pumped at a 2 mL/ min constant flow with a peristaltic pump (Watson-Marlow Sci-Q 205S/CA). The bottom of the column was connected to a saturated tube discharging to the atmosphere at an elevation above the top of the streambed but below of the water level in the channel (Figs. 2 and 3) .
The scouring experiments were carried out with tap water at different shear stresses. Physicochemical characteristics of the tap water used during the experiments from seven water samples were: pH ¼ 7.9e8.0, ionic strength ¼ 0.00724 ± 0.00038 mol/L and sodium adsorption ratio (SAR) ¼ 1.216 ± 0.041. The data of the samples was provided by the water company of Delft, the Netherlands (Evides Waterbedrif). The pH of tap water used is similar to the pH found in the Cauca River (6.5e7.5) (CVC and Universidad del Valle, 2004b).
As mentioned before, IMERYS Polwhite E (kaolinite) was used for representing the clay fraction of the suspended sediments. For kaolinite, at similar pH and SAR conditions as the used tap water, critical coagulation concentrations of about 0.5e0.7 mmol c /L have been reported (Goldberg et al., 1991) .
Streambed critical shear stress
The shear stress is the force of moving water against the streambed of the channel (t ¼ r w ghS, where g is the gravitational force, h is the water depth in the channel and S is the water surface slope). The shear stress for incipient motion of the streambed material was determined by placing 5-cm height of the streambed material ( Fig. 2 ) onto the flume bottom and then moving water at different bed slopes and flows (different shear stresses) until bed movement occurred. The shear stress in the flume that resulted in bed movement was established as the critical shear stress (t c ) for the clean streambed. A 14-cm constant water level (h) during the experiments was maintained by using an adjustable weir at the downstream end of the flume and by modifying the water discharge and the flume slope.
Clogging experiments
Turbid influent water ( Fig. 3) was pumped into the flume from a reservoir. Zone B was isolated from the rest of the flume by wooden plates in order to clog solely this region and the infiltration column. During the clogging experiments, the turbid solution in the reservoir was thoroughly mixed during the whole experiment. Additionally, the entering turbid solution in Zone B was continuously mixed by using a four-bladed propeller stirrer placed at the upper zone of the water level at a velocity fast enough to achieve a uniform particle distribution and slow enough to allow the deposition of particles and avoid the disturbance of the bed. The water level in Zone B was controlled by using a laser sensor (optoNCDT 1302).
Synthetic turbid solutions were infiltrated into the columns (1 g/ L and 6 g/L). An initial filtration velocity 6 m/d was used, based on values reported in the literature for RBF systems (Dawe, 2006; Hubbs, 2006a ). The initial filtration velocity was achieved by Table 1 Properties of natural suspended sediments, Cauca River in Cali, Colombia (Guti errez et al., 2016) .
Dry conditions (n¼18)
Rainy conditions (n¼8) maintaining a constant head (Dh) between the water level in the flume and the outlet level in the columns (Fig. 3 ). In addition to the different tested concentrations, four different suspended particle sizes were used to prepare the turbid solutions: (1) The experiments ran for periods between 24 and 168 h, depending on the sediment concentration. The pressure was continuously monitored through the piezometers during the experiments. Water samples (15 mL) were extracted from each sampler port by using a multichannel peristaltic pump (WatsonMarlow Sci-Q 205S/CA) at a slow flow rate (1 mL/min) per channel in order to avoid disturbances of the porous media and deposited sediments. Turbidity values were determined through a portable turbidimeter (2100Q from HACH). Tap water was used to prepare the turbid solutions that were continuously stirred in order to ensure their homogeneity. The height of the cake layer was continuously measured by using a metric ruler, taped to the transparent Plexiglas wall (Zone B).
Infiltration and self-cleansing experiments
Movable bed conditions were used in Zones A, B, and C of the flume (Fig. 2) . Zone A had a 360-cm length, designed to achieve a fully-developed fluid flow. Zone B had a 40-cm length, including the 10.8-cm diameter of the column. Zone C had a 100-cm length, designed to observe the deposition and resuspension of sediments. Zones A, B, and C were covered with 5-cm of the streambed material.
Self-cleansing was assessed based on the threshold Shields parameter, q c , which is a non-dimensional number indicating the initiation of sediment transport in channels. The q c was calculated from the experimentally determined critical shear stress, t c , found in equation (1), and verified from the theoretical equation (2) by Soulsby and Whitehouse (1997) ,
Where the dimensionless grain size, D * , is defined as
Three Shields parameters (q) were evaluated (approximately 0.5q c , q c , 2q c depending on the bed particle size) during the selfcleansing experiments. The assessed q values were selected based on both the experimentally determined t c and the calculated threshold Shields parameter for each streambed. Both, the experimentally determined (applying eq. (1)) and theoretically calculated 
Results
3.1. Cake and deep bed clogging 3.1.1. Cake layer formation Fig. 4a presents the variations in the cake layer formation rate (mm cake height per suspended sediment load, mg (Q ∅ sed t, where t is time)) for different suspended sediment sizes, d s , and under two different suspended sediment concentrations, ∅ sed .
From Fig. 4a it can be observed that the fastest cake formation occurred when passing clay through the porous media. In addition, for all the suspended sediments, except for clay, a higher cake layer formation rate occurred at the lower sediment concentration. The cake layer formation rate is given as mm/mg sediment load, and therefore not related to time, which means that, although at higher sediment concentration the cake layer formation is faster the relative, contribution of passing suspended sediments to cake layer Fig. 4 . Cake layer formation rate as a function of (a) suspended sediment size and (b) streambed particle size; both for 1 and 6 g/L suspended sediment concentration. The top line represents the arithmetic mean. The whiskers extend to the standard error.
formation is smaller, except for clay.
The cake layer formation rate as a function of the streambed particle size is presented in Fig. 4b 1.36 mm) , no cake layer was formed for the low sediment concentration of 1 g/L. For the fine streambed particle size (d 50 ¼ 0.61 mm), a higher cake layer formation velocity occurred at the low sediment concentration.
Deep bed clogging
Turbidity measurements were done over the column height as indicator for assessing deep bed clogging. The values shown in Fig. 5 correspond to the average of samples withdrawn each 3e4 h during the run of each experiment. The water containing clay particles (0.5e10 mm) presented the lowest turbidity measurements over the column heights for both sediment concentrations.
For the silt-size particles (3e40 mm) at the higher sediment concentration (6 g/L), the turbidity increased as the travel distance increased. The turbidity for both sediment concentrations and both streambed particle sizes over the column height is illustrated in Fig. 5 . For the larger streambed particle size (d 50 ¼ 1.36 mm) the turbidity was stable over the height of the column with an average of 6.3 NTU and 31.9 NTU for 1 and 6 g/L, respectively. For both sediment concentrations higher turbidity values were observed in the top 35 cm of the column with the smaller streambed particle size (d 50 ¼ 0.61 mm) than with the larger streambed particle size (d 50 ¼ 1.36 mm).
In Fig. 6 the permeability, k, changes per each segment of the columns are shown as relative permeabilities (k between ports divided by the clean-bed permeability, k o ) as a function of the injected sediment load. As observed in Fig. 6 , the higher permeability reduction occurred in the first 15 cm (top layer) for all the suspended sediment sizes tested, which is linked to cake clogging. This happened faster at the lower suspended sediments concentration. Deep bed clogging, represented by the permeability reduction in the lower segments, was evidenced for all sediment sizes, being higher as the particle size decreased (clay > silt > fine sand). For fine sand, the top layer was not clogged, nor deep bed clogging was observed at the higher suspended sediment concentration (Fig. 6c) . The mixture of suspended sediments presented the highest and fastest cake clogging occurrence, and the lowest deep bed clogging (except for fine sand). Fig. 7 presents the variations in the infiltration velocity for different turbid solutions in relation to the infiltrated sediment mass (ðq À q o Þ=Q ∅ sed t) (in m/d/mg). This infiltration velocity decline was higher for a sediment concentration of 1 g/L, compared to 6 g/L, apart for clay. This is in-line with the faster development of cake layer at 1 g/L (velocity expressed per sediment load). It must be taken into account that the analysis was realized using suspended sediment load instead of time to make them comparable. For fine sand, no reduction of the infiltration velocity occurred at 6 g/L, whilst a slight reduction was observed for 1 g/L.
Infiltration velocity during clogging
In Fig. 7b , the changes in infiltration velocities are compared for two streambed particle sizes (d 50 ¼ 1.36 mm and d 50 ¼ 0.61 mm), where the column particle size was the same for both (d 50 ¼ 1.36 mm). The mixture of suspended sediments was used for this experiment. Higher infiltration velocity decline per weight of sediment load was observed at the lower sediment concentration. When comparing the infiltration velocity decline for mixed sediments in the same particle sizes for both column and streambed 
Cake layer scouring
The removal of the cake layer by scouring forces was registered during the assessment of three Shields parameters (q): 0.5q c , q c , and 2q c , compared to no flow with t c ¼ 0 and subsequently q ¼ 0. The shear velocities were of 0.017, 0.029 and 0.041 m/s, respectively. The tests were conducted for the medium sand streambed (d 50 ¼ 0.61 mm). Fig. 8 illustrates the cake layer removal as a function of streambed velocities for the cake layers composed of different suspended sediments. For the experiments conducted with clay particles (0.5e10 mm), a relatively high removal (32e46%) of the cake layer was observed at q ¼ 0.5q c . However, little additional cake layer was being removed at q ¼ 1 and no extra removal was observed at q ¼ 2q c . At the higher sediment concentration, a much thicker cake layer was formed, which also resulted in a thicker remaining clay layer after scouring (8 mm). Compared to clay, the cake layer made of silt (3e40 mm) was consistently harder to remove, though at each increased shear stress a fraction of the layer was removed. Most silt particles from the removed cake layer were re-suspended in the water, but it was also observed that silt particles were partly re-settled in the subsequent Zone C (Fig. 2) . The re-settlement suggests a potential clogging effect downstream the evaluated zone. At the same time, the newly-cleaned streambed may become clogged with material scoured upstream. For the fine sand cake layer (63e180 mm), most of the deposited sediments were easily removed at the lower streambed velocity as observed in Fig. 8 . Although, the fine sand sediments were moved from their initial position, the formation of ripples and dunes were observed in Zone C. As a consequence, scouring of the original streambed was also onset (d 50 ¼ 0.61 mm). The cake layer formed by the mixture of sediments presented the highest resistance to erosion of all the suspended sediments assessed, with only 23e31% of the cake layer being removed. Fig. 9 compares the recovery of the infiltration velocity during the self-cleansing experiments. Relative infiltration velocities as a function of the initial infiltration velocity (q/q 0 ), i.e., at clean bed conditions, are shown. The results for q c ¼ 0 correspond to the infiltration velocity of the clogged streambed, before starting the self-cleansing experiments. In none of the experiments, independent of suspended sediment type or concentration, the infiltration velocity recovered to its initial capacity regardless of the bed shear stress applied.
Infiltration velocity after scouring
Although the remainder of the cake layer after bed scouring was the thickest for the mixed suspended sediments (Fig. 8) , comparable to the clay layer, the flow velocity recovery was the highest (84e96%) for the mixed suspended sediments at both concentrations compared to the uniform suspended sediment sizes (Fig. 9a) . During the clogging experiments with the mixed suspended sediments, cake layer cracks were observed. For the lower suspended sediments concentration, the recovery was higher even if the infiltration velocity reduction during the clogging experiment was high (Fig. 7) . Though the cake layer of the largest uniform suspended sediment sizes (fine sand, 63e180 mm) was completely removed for both concentrations, no recovery of the infiltration velocity was obtained. As observed in Fig. 9b , no differences in the infiltration recovery existed between both streambed sizes at the lower concentration. On the other hand, a higher infiltration capacity occurred for the smaller streambed size (d 50 ¼ 0.61 mm) at the higher suspended sediment concentration, which may be explained by movement of the original streambed as cracking of the cake layer was observed. 
Discussion
Cake clogging or deep bed clogging
When comparing the different types of suspended sediments, deep bed clogging was observed most predominantly for the experiments with silt. The low cake formation velocity and the high infiltration velocity decline for silt particles at the higher suspended sediments concentration is linked to the non-cohesive nature of the silt (Winterwerp and van Kesteren, 2004) , where, the weakness of physicochemical processes limits the attachment of silt particles to each other and onto the sand particles. Therefore, the entrapped particles can be easily remobilized by the water flow reaching lower layers, leading to deep bed clogging. The clay particles were found to be mostly retained in the cake layer, which may then be explained by the cohesiveness of clay particles (Krishnappan, 2007) . The cohesive nature of clay leads to particles aggregation of clay sediments (floc formation), particularly at high concentrations (Klassen et al., 2013) . Therefore, although both turbidity values tested during this research were high (1 g/L and 6 g/L), the findings show that the 1 g/L suspended solids led to higher cake layer formation velocities for non-cohesive particles, while 6 g/L suspended solids concentration was favorable for higher cake layer formation velocities in cohesive particles, having the opposite effect on the formation of deep bed clogging.
The suspended sediments mixture pinpoints the effect of the interparticle forces acting among the sediments (e.g., van der Waals) and the interaction between them and the bed particles, leading to larger particles with the ability to be retained on the top layer (cake filtration) due to the clay content. Also, the interaction amongst different suspended particles onsets new clogging mechanisms, e.g.: (1) entrapment and sedimentation of fine sand sediments in small voids, (2) entrapment of silt particles in existing voids and new voids because of the trapped fine sand, and (3) straining, hydrodynamic bridging and interparticle forces of clay and the retained suspended sediments (Veli ckovi c, 2005) . When reviewing the cake layer and deep bed turbidity measurements (Figs. 4 and 5) , the fine sand behaved very similar to the mixed sediments. Nevertheless, the low infiltration velocity reduction for the fine sand experiments reveals that although the cake layer may have had the same thickness, it was more permeable than is the case for mixed sediments.
Different clogging mechanisms influence the infiltration capacity reduction in relation to the streambed size. The smaller voids due to the smaller bed particle size are likely to retain more suspended sediment particles by entrapment (Winterwerp and van Kesteren, 2004) . In this case mixed bed clogging occurs, where cake clogging plays the most important role in the precluding of the water passage through the media as reported for slow sand filtration (Grace et al., 2016) . On the other hand, deep bed clogging is the dominant mechanism for the large streambed size. The larger voids have a larger storage capacity for particles, and then enhance the mobility of particles into the media before clogging (Veli ckovi c, 2005) , favoring deep bed clogging occurrence. This behavior has been widely reported for rapid sand filtration, where suspended and colloidal particles are depth filtered (Ripperger et al., 2012) . The presence of larger voids can enhance the mobility of fine particles because of the higher flow velocities leading to higher hydrodynamic forces and to the weaker interparticle bonding forces (Jacobsen et al., 1997; Reddi et al., 2000) . The weak support exerted by the filling material of the columns, which, being larger than the particles of the streambed, was not able to retain the particles previously entrapped, and due to the changes in flow velocities between the transition from d 50 ¼ 0.61 mm (streambed) to d 50 ¼ 1.36 mm (column) contributed to sudden releases of particles.
Self-cleansing of cake layer
As stated by various researchers, bed scouring depends on streambed particle size (Caldwell, 2006; Stuyfzand et al., 2006) . The suspended particle type has demonstrated to be the most important variable governing the self-cleansing of the streambed for an uncovered, clean streambed (e.g., absence of plants, biofilm). The initial high removal velocity found with the cake layer made of clay may be referred as entrainment and/or floc erosion. The absence of additional removal may be related to the interaction strength between the sandy bed and the mud (clay) layer due to the cohesive and adhesive characteristics of the clay, leading to a much higher erosion threshold (Jacobs et al., 2011) . However, it must be noted that a recirculating flume was used during the experiments. Thus, the resuspended clay conveyed to a turbidity current, which could have affected the cake layer erodibility by the so-called hindered erosion (Winterwerp and van Kesteren, 2004) . The much thicker cake layer formation obtained at the higher suspended sediments concentration highly impacted the initial scouring of the clay cake. This is related to the lower cake layer compression on the top layer and therefore a weaker strength to erosion (Mahdi and Holdich, 2013; Mays and Hunt, 2005) . The non-cohesive nature of silt leads to a weak interaction between the bed and the cake layer, which is favorable for the erodibility of the cake formation. The ripples and dunes formations that occurred for the fine sand cake layer induced mass erosion of both the cake layer and the bed due to the wave-induced shear stress (Winterwerp and van Kesteren, 2004) . The continuous removal but the high resistance to erosion of the cake layer made of the mixture of fine sediments is explained by the strong interparticle forces among the suspended sediments, avoiding a high resuspension velocity as observed when sediments were tested individually. Our findings indicate an important interaction between the streambed and the suspended sediment size. The smaller the bed particle size, the higher the interaction strength. This behavior is related to the stronger physicochemical forces from small particle sizes acting to preserve the particles joined.
The infiltration velocity never recovered to its initial capacity regardless of the bed shear stress assessed. An overview of cake layer removal and infiltration velocity recovery per sediment type is presented in Table 2 . For the homogeneous suspended sediments (clay, silt, fine sand), the infiltration velocity did not show any increase even if the cake layers were partly removed. For the mixed suspended sediments (5% clay, 80% silt, and 15% fine sand), cake layer cracks during the clogging experiments were observed. Therefore, uneven erosion patterns occurred during scouring experiments caused by the presence of the existing cake cracks increasing the longitudinal cracks extent on cake layer formation (Jacobs et al., 2011) . Even if a high mobilization of the mixture cake layer during the scouring experiments occurred (Fig. 8) , the immediate infiltration velocity recovery is therefore probably associated with preferential flows caused by the ameliorated cake cracking on the surface.
The entrapment of particles in the deeper voids can be considered deep bed clogging and, consequently, there is a reduced chance of natural recovery of infiltration capacity because of the scouring of these particles compared to cake clogging (Goldschneider et al., 2007) . In smaller streambed particle sizes, the clogging particles cannot penetrate as deeply, and cake clogging occurs (Brunke, 1999; Veli ckovi c, 2005) .
It was found that the sediment concentration affected the occurrence of cake and/or deep bed clogging depending on the type of sediment, which in turn influenced the infiltration recovery. Thus, for clay particles the higher concentration favored the cake layer formation limiting the deep bed clogging, while for silt, fine sand and the mixture of sediments the higher sediment concentration, the lower the cake layer formation velocity leading to higher deep bed clogging. The concentration did not show an evident effect on the self-cleansing of the cake layer on sediments other than clay, which suggests that the infiltration recovery was merely a function of deep bed clogging.
Conclusions
Based on the presented research it may be concluded that, during (simulated) riverbank filtration, high recovery of the infiltration velocity (84e96%) at low shear stresses was possible for high turbidity water with a mixture of different sediments, as found in natural water bodies. Clay and silt behaved very differently, due to the difference in cohesiveness. Clay was found to produce a persistent sticky cake layer, whereas silt penetrated deeper into the bed, both resulting in an absence of infiltration velocity recovery. The cake layer of fine sand sediments was easiest to remove, resulting in dune formation on the streambed, nevertheless due to deep bed clogging by the sand particles in the coarser streambed the infiltration velocity did not recover. The interaction between the mixed suspended sediments (5% clay, 80% silt, and 15% fine sand), resulted in uneven erosion patterns during scouring of the streambed allowing for the infiltration velocity to recover to 84e96%. Altogether it may be concluded that natural recovery of infiltration capacity during river bank filtration of highly turbid waters is expected to occur, as long as the river carries a mixture of suspended sediments. The fine streambed formation avoids the occurrence of deep bed clogging, which increases the chances of being self-cleaned. 
